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l. Chapter Overview

This chapter describes the EDSTAC recommendations regarding development of a screening and
testing program for assessing the potential of pesticides and other chemicals to disrupt endocrine
function in humans and wildlife. Where appropriate, strengths and limitations of options are
discussed and possible future research projects are identified to develop needed procedures. The
EDSTAC established the Screening and Testing Work Group (STWG) (see Appendix D for alist
of work group members) to assist in their efforts to provide guidance to EPA regarding the
development and implementation of its endocrine disruptor screening and testing program. The
STWG work formed the basis for this chapter and recommendations. Literature cited for all
sections are found at the end of the chapter. Additional sources can be found in Appendix J.

After this introduction, the chapter is comprised of seven main sections. (1) the concepts and
design parameters involved with Tier 1 Screening (T1S); (2) the Recommended T1S Battery; (3)
the general principlesin evaluating Tier 1 and Tier 2 results; (4) the concepts and design
parameters involved with Tier 2 Testing (T2T); (5) the recommended T2T Battery; (6) a
discussion of validation, standardization, methods development, and research; and (7) a summary
of the recommendations made throughout the chapter.

The T1S sections begin with an explanation of the purpose of screening and identification of five
criteria used to design the screening battery. An outline of the recommended T1S battery follows
with brief overviews of each recommended assay and discussions of the value of including both in
vitro and in vivo assays. Four aternative assays for consideration are also discussed. Findly, a
section on evaluating the battery includes a discussion of a “weight-of-evidence” approach to
evaluating T1S results.

In developing the T1S battery, the EDSTAC considered screening endpoints for their utility in
screening chemical substances or mixtures for their potential to interact with the endocrine
system. The goal of T1Sisto detect chemical substances or mixtures capable of interacting with
estrogen, androgen, or thyroid (EAT) hormone systems. Assessing these activitiesis relevant as
changes in them may adversely affect the development, reproductive function, or chronic health
status of humans or animals. The objective of T1Sis not to determine dose-response
relationships, confirm the mechanism of action, or determine the adversity of the chemicals' effect
on reproduction and/or devel opment; however, screening assays must be sensitive enough to
detect all known xenobiotics that act via the mechanism of action each assay is designed to detect.

The screening battery presented here has been designed to ensure that interaction with hormone
systems will be detected. There are instances in which a choice had to be made between an assay
that was highly specific for a hormonal activity and one that may be less specific but more
sensitive and apical (i.e., a more comprehensive assessment of functions that are relevant to
reproduction, development, or chronic health). In those instances, the EDSTAC opted for the
latter since it better fulfills the first criterion for screens (that they be sensitive), and is better
aligned with the overall mission of detecting effects regardless of mechanism of action. These
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assays require varying levels of additional development, standardization, and validation before
they can be reliably and routinely implemented as part of T1S.

The T2T sections begin with discussions of the purpose of testing, guidance for selecting Tier 2
tests, and the issues of low dose considerations and selecting target doses for components of T2T.
An outline of the recommended T2T battery is followed by overviews of the mammalian two-
generation reproductive toxicity study, alternative mammalian tests, and tests using other
vertebrate and invertebrate taxa. Finally, recommendations regarding implementation of the
standardization, validation, and research program are presented.

The goa of T2T isto determine whether a chemica substance or mixture causes endocrine-
mediated adverse effects for EAT and to determine the consequences to the organism of the
activities observed in T1S and their dose response relationships. Thisis done in the larger context
of testing for reproductive and developmental toxicity potentia by any mechanism (including
EAT) using study designs that provide a comprehensive assessment of relevant functions.

1. Tier 1 Screening Concepts and Design Parameters

Chemical substances or mixtures can alter endocrine function by affecting the availability of a
hormone to the target tissue, and/or affecting the cellular response to the hormone. Mechanisms
regulating hormone availability to a responsive cell are complex and include hormone synthesis,
serum binding, metabolism, cellular uptake (e.g., thyroid), and neuroendocrine control of the
overall function of an endocrine axis. Mechanisms regulating cellular response to hormones are
likewise complex and are tissue specific. Because the role of receptorsis often crucia to cellular
responsiveness, specific nuclear receptor binding assays are included. In addition, tissue
responses that are particularly sensitive and specific to a hormone are included as endpoints for
Tier 1 screens.

The following definitions are utilized in this chapter. Estrogenic refers to compounds whose
effects are mediated through the estrogen receptor (ER), initiating a cascade of cell/tissue specific
effects similar to those initiated by estradiol, as opposed to estrogen-like for those chemicals
resembling estrogen which are not or have not been shown to be mediated through the ER.
Similarly, androgenic effects are androgen receptor (AR) mediated, as opposed to androgen-like
effects, which may not be mediated viathe AR. In contrast, the terms antiandrogenic and
antiestrogenic are not specificaly limited to AR- and ER-mediated interactions. In this context,
agonists bind to the receptor and act like the endogenous hormone; antagonists bind to the
receptor and appear to act opposite to the endogenous hormone. Antihormones can act via: (1)
the steroid hormone receptor; (2) steroid hormone synthesis inhibition; (3) reduction of
biocavailability by reducing the amount of free hormone in the serum; (4) increased hormone
metabolism leading to reduced serum hormone levels; and (5) other mechanisms.

5-2
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A. I ntroduction to T1S

The number of chemicals needing evaluation is huge. T1Sisintended to make the evaluation
process more efficient by distinguishing those chemical substances and mixtures which may
interact with the endocrine system from those that may not. The EDSTAC considered all known
endocrine disruptors of EAT in developing the T1S battery and believes that the recommended
battery, if validated, will have the necessary breadth, and depth to detect all currently known
disruptors of EAT. Therefore, following application of the T1S battery, a chemical substances or
mixture will be designated as having either: (1) the potential for EAT activity, which will require
further analysisin T2T to verify and evaluate that potential; or (2) low or no potential for EAT
activity, which will alow assignment of chemica substances or mixtures to the “hold box” (see
Section 1V in this chapter, on general principlesin evaluating Tier 1 and Tier 2 results for further
discussion of how this decision is made).

In developing the recommended T1S battery, many existing and potential assays were evauated
for their relative strengths and weaknesses (overviews of evaluated assays can be found in
Appendix K). The recommended T1S battery contains mammalian in vitro and in vivo assays and
in vivo nonmammalian assays. The T1S battery is designed to be a sufficiently sensitive screening
mechanism so that chemical substances and mixtures which ultimately prove to be endocrine
active for EAT in humans and wildlife are not missed. In thisregard, sensitivity of the battery has
been prioritized above specificity. In addition, T1S results should inform T2T, in terms of
providing guidance on which tests to perform, which endpoints to include, and to assist in
determining the range of dosesto be used. These goals include identifying those doses (dose-
response), life stages (most sensitive), and organisms (most appropriate, sensitive, and at risk) in
which adverse effects are likely to occur.

B. Criteriafor T1S

The T1S battery recommended by the EDSTAC has been developed such that, at the completion
of the selected assays, the EPA and other stakeholders will accept, both scientifically and as a
matter of policy, the assignment of chemical substances or mixtures as either having: (1) low or
no potential for estrogen, androgen, or thyroid endocrine activity; or (2) as having such potential.
The ability to accept either outcome requires that the chosen T1S battery meets the five criteria
identified below.

1. The T1S battery should maximize sensitivity to minimize fal se negatives while permitting
an as of yet undetermined, but acceptable, level of false positives. This criterion expresses
the need to “ cast the screening net widely” in order not to miss potential EAT active
materials.

2. The T1S battery should include a range of organisms representing known or anticipated
differences in metabolic activity. The battery should include assays from representative
vertebrate classes to reduce the likelihood that important pathways for metabolic
activation or detoxification of parent chemical substances or mixtures are not overlooked.

5-3
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3. The T1S battery should be designed to detect all known modes of action for the endocrine
endpoints of concern. All chemicals known to affect the action of EAT hormones should
be detected.

4, The T1S battery should include a sufficient range of taxonomic groups among the test
organisms. There are known differences in endogenous ligands, receptors, and response
elements among taxa that may affect endocrine activity of chemica substances or
mixtures.

5. The T1S battery should incorporate sufficient diversity among the endpoints and assays to
reach conclusions based on “weight-of-evidence” considerations. Decisions based on the
battery results will require weighing the data from several assays.

The T1S must be relatively fast and efficient while meeting the criteria described above. The

EDSTAC recommends that if changes are made to the recommended T1S battery, based upon
development of new, validated assays, the “amended” battery also needs to meet these criteria

[11. Recommended Tier 1 Screening Battery

A. Outline of Recommended T1S Battery and Possible Alter natives'

1. Recommended T1S Battery

The T1S battery recommended by the EDSTAC includes three in vitro assays, three in vivo
mammalian assays, and two in vivo nonmammalian assays. Those chemicals which go through the
HTPS program, if it istechnically feasible and validated, would not be required to do the first two
in vitro assays at the bench. Based on existing data, the EDSTAC believes this battery will detect
EAT activity, provided all of the component assays can be properly devel oped, standardized, and
validated.

In Vitro
1. Estrogen Receptor (ER) Binding/Transcriptional Activation Assay;
2. Androgen Receptor (AR) Binding/Transcriptional Activation Assay; and
3. Steroidogenesis Assay with Minced Testis.

In Vivo

Rodent 3-Day Uterotrophic Assay (Subcutaneous);
Rodent 20-Day Pubertal Female Assay with Thyroid,;
Rodent 5-7-Day Hershberger Assay;

Frog Metamorphosis Assay; and

PwWdD PR

! Protocols for all these assays can be found in Appendix L.
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5. Fish Gonadal Recrudescence Assay.

2. Alternative Assays for Possible Inclusion

In addition, the EDSTAC has identified one in vitro assay and three in vivo assays as possible
substitutes, if properly developed, standardized, and validated, for some of the component assays
in the recommended battery. These assays are:

In Vitro
1. Placental Aromatase Assay.

In Vivo
1. Modified Rodent 3-Day Uterotrophic Assay (Intraperitoneal);
2. Rodent 14-Day Intact Adult Male Assay With Thyroid; and
3. Rodent 20-Day Thyroid/Pubertal Male Assay.

Combinations of the alternative assays, if validated and found to be functionally equivalent, could
potentially replace three of the component assays in the recommended T1S battery (in vitro
steroidogenesis assay with testis, 20-day pubertal female assay, and 5-7-day Hershberger assay),
thereby possibly reducing the overall time, cost, and complexity while maintaining equivalent
performance of the overall T1S battery. Table 5.1 shows the assays included in the proposed
battery as well as two possible batteries that would include the aternative assays. In addition,
Table 5.2 shows the assays in relation to which of the biological activities they are expected to
detect, that may be affected by exogenous agents and lead to EAT-related toxicity.

One dternative battery would include the ER binding or transcriptional activation assay, the AR
binding or transcriptional activation assay, the modified rodent 3-day uterotrophic assay
(administered by intraperitoneal injection), the rodent 14-day intact adult male assay with thyroid,
the frog metamorphosis assay, the fish gonadal recrudescence assay, and, possibly, the placenta
aromatase assay.

The other aternative battery would include the ER binding or transcriptional activation assay, the
AR binding or transcriptional activation assay, placental aromatase assay, the rodent 3-day
uterotrophic assay (administered by subcutaneous injection), the rodent 20-day thyroid/pubertal
male assay, the frog metamorphosis assay, and the fish gonadal recrudescence assay.

5-5
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Assays Included in Recommended T1S Battery and Possible Alternatives

Assays Recommended T1S Possible Possible
Battery Alternative 1 Alternative 2

In Vitro
Estrogen receptor binding X X X
Androgen receptor binding X X X
Steroidogenesis X
Placental aromatase > X
In Vivo
3-day uterotrophic X (s0) 2 x (ip) * X
20-day pubertal female X
Hershberger X
14-day intact male X
20-day pubertal male X
Frog metamorphosis X X X
Fish gonadal recrudescence X X X

1 = may be needed in battery to meet criteria

2 = subcutaneous
3 = intraperitoneal
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T1S Assays Related to Biological Activities Detected

August 1998

Anticipated to Detect:

Thyroid- 5-a-
Estrogen Estrogen Androgen Androgen Related Steroid Aromatase Reductase

Assay in Option Agonism Antagonism Agonism Antagonism Effects Synthesis Inhibition Inhibition HPG!
In Vitro
Estrogen receptor binding 12,3 X X
Androgen receptor binding | 1,2,3 X X
Steroidogenesis 1 X
Placental aromatase 3,2? X
In vivo
3-day uterotrophic 1,2,3 X (X)?
20 day pubertal female 1 X X X X X X
Hershberger 1 X LH?
Hershberger + T 1 x)* X X LH
14-day intact male 2 X X X X (X)° X X
20-day pubertal male 3 X X X X X X X
Frog metamorphosis 12,3 X i i i X X i s X
Fish gonadal recrudescence | 1,2,3 X X X X i X X s X

Notes.

! HPG — indicates that the model has an intact hypothal amic-pituitary-gonadal axis (except for the Hershberger assay which does not have an intact HPG axis),
and that effects on hypothalamic-pituitary control of gonadal endocrine function would be eval uated.

2|tislikely that aromatizable androgens would be detected in this assay; however, given that there are no examples of environmental androgens, this point

cannot be empirically demonstrated.
3 Agentsthat affect LH level would be detected in the assay.
* Empirical demonstration that the assay detects estrogens is limited. The biology of the system suggests that they will be detected.
® Empirical demonstration that aromatase inhibitors are detected is limited. If sensitivity to aromatase inhibitors is lacking, a placental aromatase assay would

be added to this option.

®The biology of these organisms suggests that these effects may be detectable. However, there are no empirical data to support the sensitivity of the assay for

these endpoints.
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3. Validation of the Battery

In order to provide sufficient data to allow informed decisions about the relative merits of the
recommended T1S battery component assays and alternative assays (based on sensitivity,
specificity, technical complexity, inter- and intra-laboratory variability, time, and cost), EDSTAC
recommends that validation studies be initiated on al of the assays in the recommended battery as
well as the alternatives.

If the assays comprising either of these alternative combinations (see Table 5.1) are validated, the
EDSTAC recommends performance of the aternative battery containing these assays using the
same standard test substances recommended for validation of the initial battery, which were
selected on the basis of predetermined criteria (see Chapter five, Section VII, G). Sufficient
information could then be available to allow an informed choice between the recommended
battery or a variation, including the alternative assays, as the preferred T1S battery. This
approach would be most expedient in the event that one or more of the recommended battery
assays cannot be properly standardized and validated, since information would be immediately
available on the alternative assays. The EDSTAC believes this process provides a model for
validation and incorporation of new assays, as they may be developed and proposed, into the T1S
battery.

The EDSTAC believesit is critical to acknowledge that the state-of-the-science, with respect to
assay development and species selection, is rapidly evolving, and bioassays are currently being
developed that may offer distinct advantages over those assays and species presently
recommended for use. Thisis particularly the case for selection of non-mammalian species
currently recommended for use in in vivo assays. Specific bioassays and species should be
selected on a performance-based approach. Asimproved bioassays and/or those utilizing more
appropriate species are developed and validated, EDSTAC strongly encourages their use as
assays for screening and/or testing. Selected assays identified as research priorities by the
EDSTAC are discussed in Section V11, F of this chapter. The EDSTAC recommends that EPA
set up a specific mechanism for evaluating and incorporating these and other new devel opments,
as appropriate, into the program.

Given the wide range of species that may be adversely affected by endocrine disruptors, continued
development of screens and testsis particularly important to ensure that a representative range of
species and potential endocrine-related effects can be evaluated.

4. Assays not Included in T1S

Currently, there are no data available to suggest that thyroid effects of chemical substances or
mixtures are mediated through the receptor. Therefore, the recommended T1S battery does not
currently include a thyroid receptor (TR) binding and/or transcriptional activation assay.
Nevertheless, the EDSTAC is recommending that the HTPS program include evaluation of the
TR. The Committee believes including the thyroid assaysin the HTPS program will enable EPA,
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and others, to obtain a better understanding, at relatively low costs, of whether effects could be
mediated through the TR.

Brief overviews of al assays considered by the STWG can be found in Appendix K. In addition,
Appendix M includes more thorough discussions of assays that the work group considered in
detail, but decided not to include in the recommended T1S battery. The EDSTAC' s thoughts on
the role of invertebratesin T1S can be found in Appendix N.

5. Developmental Exposure Screening Assay

The EDSTAC considered all known endocrine disruptors of EAT in developing the T1S battery
and believes, to the best of its knowledge, that the recommended battery, if validated, will have
the necessary breadth and depth to detect any currently known disruptors of EAT. Thereisa
concern, however, that chemical substances or mixtures could produce effects from
prenatal/prehatch exposure that would not be detected from pubertal or adult exposure.
Furthermore, there are differing views within the EDSTAC about whether there is scientific
evidence of known endocrine disruptors or reproductive toxicants that can affect the prenatal
stage of development without affecting the adult or prematuration stages, and whether effective
doses and affected endpoints may differ among the three life stages.

Notwithstanding these differing views, the EDSTAC recommends that EPA take affirmative
steps, in collaboration with industry and other interested parties, to attempt to develop a protocol
for afull life cycle (i.e., with embryonic exposure and evaluation of the adult offspring)
developmenta exposure screening assay that can be subjected to validation and standardization.
In addition to the general principles and criteria, set forth in Chapter Three, that guide selection of
al T1S assays, the EDSTAC believes such an assay or assays must involve prenatal or prehatch
exposure and retention of offspring through puberty to adulthood and structural, functional, and
reproductive assessment.

The EDSTAC recognizes it may be difficult to develop a developmental exposure screening assay
that meets both the criteria specified above, and the more general criteriafor selecting T1S assays
set forth in Chapter Three. However, the EDSTAC believesit isworth the effort. Furthermore,
in Section V11, F, the EDSTAC has summarized protocols for in utero and in ovo developmental
screening assays that could be further evaluated for this purpose (an expanded discussion of an in
utero protocol isincluded in Appendix O). Inclusion of these protocolsis not intended to limit
the creative effort that will be necessary to achieve the EDSTAC' s recommendation.

Finally, the EDSTAC recommends that if such an assay were identified, validated, and
standardized, the decision on whether it should be included in the T1S battery should include an
evaluation of its potential to replace one or more of the recommended T1S assays and its overal
impact on the cost effectiveness of the T1S battery. It should be noted, however, full life cycle
assessments are included in the recommended T2T battery for mammals, other vertebrates, and
invertebrates. These tests will employ afull range of doses, embryonic exposures, rearing
offspring to adulthood, and a full complement of reproductive and developmental endpoints.
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6. Methods to Select the Appropriate Dose Level(s) for In Vivo Assays

All T1Sin vitro assays (including the steroidogenesis assay) will involve multiple dose levels,
whether performed by HTPS or bench level methods, so a dose-response curve and assessment of
relative potencies can be developed. Results from the HTPS (or its equivalent) will provide
potency information (i.e., EC 50) relative to a positive control such as 17 beta estradiol (E2),
diethylstilbestrol (DES), testosterone, or T4 for those chemical substances or mixtures which bind
totheE, A, or T receptor. Information on the in vitro effective doses of E2, DES, testosterone,
or T4 can be used to set the dose level(s), based on the validation process, for the remaining T1S
assays for these chemical substances or mixtures. There are no current data which indicate that
thyroid toxicants act via binding to the thyroid hormone receptor(s). Thus, the recommended in
vitro receptor binding/transcriptional activation assay may not inform dose selection for in vivo
T1S assays for thyroid endpoints. For these chemica substances or mixtures, prior information
and range-finding studies will be critical.

Subject to the results of the validation process, the EDSTAC recommends using one or more
dose levels in the performance of the in vivo assays. Information to assist in selecting the dose
level(s) includes:

1. prior information, such as that available during the priority setting phase;
2. results from the HTPS (or its equivaent bench-level assays); and
3. results from range-finding studies, utilized for T1S dose selection (see below).

A range-finding study can be performed at multiple dose levels (at least five) with afew animals
per dose level and a limited number of relevant endpoints. The range-finding studies specifically
performed for each in vivo TIS assay will include the following:

use of the same species strain, sex(es), and age asin the T1S assay;

use of the same route of administration, vehicle, and duration of dosing asin the T1S assay;
use of multiple dose levels (the number of dose levels will depend on the availability and
extent of prior information);

use of multiple animals per dose level which may be fewer than the number used per group in
the T1S assay;

use of relevant endpoints, which may be more limited than those in the T1S assay (for
example, the range-finding study for the T1S uterotrophic assay may employ only body
weights and uterine wet weight, while the assay may a so evaluate uterine gland height, serum
hormone levels, and/or vagina cornification, etc.);

use of comparable animals (e.g., ovariectomized females for the uterotrophic range-finding
study or castrated males for the Hershberger range-finding assay). However, there may be
circumstances under which exceptions occur (e.g., use of intact males in the range-finding
study for the Hershberger assay to define doses producing systemic toxicity and any effects on
the reproductive system as a first pass approximation); and

use of more than one range-finding study if the initial version does not identify the dose
level(s) to be used in the specific T1S assay if necessary by extrapolation or interpolation.
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The dose level(s) to be selected for the in vivo assays should not result in excessive systemic
toxicity, but should result in effects useful for detection of potential EAT disruption. However,
no dose level higher than one gram/kilogram body weight/day (i.e., a“limit” dose) should be
utilized. Therationale for selection of dose levels for each range-finding study, all of the results
for such studies, and the logic employed to select the dose level(s) for the T1S assay should be
included in the submission of T1S results for evaluation by the Agency as to the appropriateness
of the study design, conduct, and conclusions.

7. Routes of Administration

The route of administration for the recommended uterotrophic assay is subcutaneous (sc)
injection while the route for the modified uterotrophic assay and 14-day intact adult male assay
with thyroid isintraperitoneal (ip) injection. The route for al other mammalian in vivo assaysis
gavage (orogastric intubation). The parenteral (non-oral) routes avoid the first-pass metabolic
effect of the liver and will permit detection of potential EDCs that are active as parent compounds
and which undergo significant first-pass metabolism. Hepatic xenobiotic metabolism does occur
eventually after parenteral administration (substantialy with ip), so the potentia effects of
metabolites will be evaluated as well by these routes. Compounds are occasionally metabolized
by the gut microflora; this type of metabolism has been shown to be important for some plant-
derived estrogens. The oral route of exposure will allow for this type of metabolism.

The EDSTAC believes EPA should propose a policy for route of administration for each assay
and test. Since T1S seeks activity, an ip route or other in vivo approach seems most realistic for
detecting potential endocrine activity. Conversely, T2T should focus on developing a policy for
route of administration based on exposure route(s) which approximates the ecologically relevant
exposure pathway, dependent on the test species and fate of the chemical in the environment.

B. Scientific Basisfor In Vitro Screening for Estrogen, Androgen, and Thyroid
Activities

Genera agreement has been reached on the strengths and limitations of most currently available in
vitro, in vivo, and ex vivo methods for detection of toxicants that act viaER, AR, steroid
hormone synthesis inhibition, and/or atered hypothalamic-pituitary-gonadal (HPG) mechanisms.
With thisin mind, several short-term in vitro assays for AR and ER receptor binding or
transcriptional activation and minced testis steroidogenesis inhibition (Sl) activity were identified
as quite useful in screening. In vitro methods also include steroidogenic enzyme/hormone
synthesis, biochemical assays, and in vitro and testis steroid hormone synthesis.

Advantages of in vitro assays include:
a) sendtivity to low concentrations increases detectability;
b) high specificity of response;

c) low cost;
d) small amount of chemica substance or mixture required;
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€) invitro assays can be automated, including use of robotics;

f) high throughput assays (thousands/month) can be devel oped,;

g) results can be coupled with QSAR models and for database screening;
h) can be used for complex mixtures (sudge, water contaminants); and
i) reduces or replaces animal use.

The EDSTAC recognizes two categories of in vitro assays that may be used in T1S to assess the
binding of test substances to receptors, i.e., cell-free assays for receptor binding and transfected
cells designed to detect transcriptional activation. The specific assays chosen, whether done “ at
the bench” or through the high throughput pre-screening process (discussed in detail in Chapter
Four, Section V), should have the following characteristics:

a) evauate binding to estrogen, androgen, and perhaps thyroid nuclear receptors,

b) evaluate binding to the receptor in the presence and absence of metabolic capability
(e.g., one or more of the P450 isozymes, CY P1A1, CYP3A4, etc.);

¢) distinguish between agonist and antagonist in functional assays, and

d) yield dose responses for relative potency of chemica substances or mixtures with
endocrine activity.

If high throughput procedures are used, receptor binding assays should be performed for EAT
receptors. If the assays are done at the bench level, only estrogen and androgen receptor assays
are recommended and/or functional assays should be performed for estrogen, androgen, and
perhaps thyroid receptors (specifically recommended is a stably transfected cell line like the
MVLN cell line, if available, to assess transcriptional activation). If stably transfected cell lines
are not available, then transiently transfected reporter gene assays should be used. MCF-7
proliferation assays are also acceptable; however, yeast-based assays are not recommended at this
time. These assays can be performed either high throughput or at the bench level.

Receptor binding assays can use rat, mouse, or human ER or AR. These assays evaluate the
ability of the xenobiotic chemical substances or mixtures to displace the radio-labeled endogenous
ligand from the binding site, in a cell-free or whole cell system. Relative potency can be
determined for positive chemical substances or mixtures. Assay limitations are solubility in the
culture medium, inability to distinguish agonists from antagonists, lack of metabolic capability,
and risk of degradation of the receptor.

The functional assay, specifically transcriptional activation, requires, for agonist or antagonist
activity, that the chemical substance or mixture bind to the receptor. In addition, thereisa
consequence to the binding, i.e., transcription (synthesis of mRNA) of areporter gene and
trandation of the mRNA to an identifiable detectable protein such asfirefly luciferase or beta-
gaactosdase. Inthe case of the firefly luciferase, with substrate and cofactors present in the
culture, thereis alight flash detected from formation of the product when the enzyme is
synthesized in response to transcriptional activation and acts on the provided substrate. In the
case of the beta-gal actosidase, with substrate and cofactors present in culture, the product is
detected colorimetrically when the enzyme is synthesized in response to transcriptional activation
and acts on the provided substrate. The assay uses intact cells and may use different cell lines for
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assessment of effects on EAT binding domains with transfected (transiently or permanently)
receptors and reporter gene constructs. This assay can distinguish between agonists and
antagonists. Assay limitations are solubility, toxicity, permeability of the cell membrane, and lack
of or limited metabolic capability. If achemical substance or mixture must be metabolized to an
active moiety, it will not be detected unless the limited residual metabolic capacity of the cultured
cellsis sufficient to transform the chemical to its active form. Metabolic activity might be
provided by either preincubating the chemical substance or mixture with an S9 fraction
(supernatant from 9000g x centrifugation of homogenized liver from a metabolically induced rat)
or incorporating the S9 fraction into the treatment mixture. In addition, cell lines are being
genetically engineered to incorporate genes for P450 enzymes as a method for extending their
metabolic capacity and, perhaps, obviate the need for use of the S9 fraction.

For assessing receptor binding in vitro, EDSTAC recommends both the receptor binding assays
and the transcriptional activation assays be incorporated into the T1S battery, and subjected to
validation and standardization. There is agreement that the transcriptional activation assays can
provide more information than the receptor binding assays, since they measure not just binding
capacity but also the physiologica and biochemical consequences of that binding. However, the
limited database on the relative utilities of receptor binding and transcriptional activation assays
do not allow the EDSTAC to recommend one category of assay over the other at thistime.
Including the receptor binding and transcriptional activation assays in the standardization and
validation program is expected to provide the data needed to reach a decision on whether both
assays should be required or, if not, whether the receptor binding or transcriptional activation is
preferred. It isimportant to keep in mind that these assays evaluate just one of the possible
mechanisms of endocrine disruption; if achemical substance or mixture acts via another
mechanism than the receptor, it will not be detected in these assays.

Large-scale high throughput pre-screening (HTPS) programs for chemicals have been employed,
using standardized in vitro functional assays (i.e., transcriptional activation of areporter gene), in
the pharmaceutical industry. Severa companies involved in drug design routinely screen
chemicals for hormonal activity on alarge scale (thousands per month).

In vitro evaluations can provide both false positive and false negative results. In vitro false
positives (i.e., active in vitro but not in vivo) arise when a chemical is not absorbed or distributed
to the target tissue, is rapidly metabolically inactivated and excreted, and/or when some other
form of toxicity predominatesin vivo. False negatives are considered to be of greater concern if
in vitro tests were used to the exclusion of in vivo methods. In vitro evaluations can result in
false negatives due to their inability, or unknown capacity, to metabolically activate toxicants. As
aresult, the EDSTAC’ s recommended battery includes in vivo methods in conjunction with in
vitro techniques. Nevertheless, somein vitro assays may offer distinct advantages over in vivo
assays when investigating the activity of specific metabolites.

C. In Vitro Assay Overviews
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The EDSTAC recommends a specific assay for each of the ER receptor binding, ER
transcriptional activation, AR receptor binding, AR transcriptional activation, and steroidogenesis
categoriesin order for standardization and validation to occur efficiently. The receptor binding
and transcriptional activation assays would be performed only on those chemical substances or
mixtures not going through HTPS, while the steroidogenesis assay would be performed on all
chemical substances or mixtures going through T1S. Equivalent assays could replace these if they
meet specific performance criteria and were similarly validated. Even if HTPS isimplemented,
standardization and validation of these additional in vitro assays would allow them to be
conducted in individual labs on amore limited basis. The following assays are the specific ones
recommended for inclusion in the standardization and validation program.

1. Estrogen Receptor Assays
a) ER Binding: Cell-Free ER AlphaBinding
b) ER Transcriptiona Activation: MVLN

2. AR Assays
a) AR Binding: Cell-Free AR Binding
b) AR Transcriptional Activation: AR Transcriptional Activation

3. Steroidogenesis
a) Minced testis

1. Estrogen Receptor Assays

In vitro rat ER binding assays provide aragpid and fairly inexpensve method for quantifying the ability
of chemicalsto compete with DES or estradiol for ER. The assay can be used for measuring ER in
cell-free extracts obtained from various tissue homogenates following in vivo exposure to an
environmenta chemica. In addition, the assay may be used to determine the ability of agiven
compound to compete with radio-labeled estradiol for binding to the ER. The technical aspects of the
ER binding assay are well documented for receptors obtained from cytosolic or nuclear extracts of
various mammaian and other vertebrate tissues (Anderson et d., 1972; Korach et d., 1979). In brief,
cytosolic or nuclear extracts containing ER are incubated with [°H] estradiol for 18 hoursat 4° Cinthe
presence or absence of increasing concentrations of radio-inert DES or test chemicas. Nonspecific
binding is assessed by the addition of 100 molar excesses of radio-inert DES. Bound [*H]-and free
ligands are separated using hydroxyapatite extraction, or charcoa-dextran adsorption, and are
quantified by scintillation counting.

The ER binding assays are less sengitive than the functiona assays, of short-term duration, and can be
standardized between laboratories. The assay isuseful for evaluating effects of atest compound on ER
digtribution and number following in vivo exposure. In addition, the assay can be used to rapidly
evauate test compounds for their ability to bind to the ER in the absence of any of their metabolites.
Comparison of 1Csy and K; valuesfor the chemicastested in vitro with that of endogenous and
synthetic estrogens provide an indication of the potentid of a given chemicd to disrupt ER function in
vivo. However, this assay does not distinguish between ER agonist and antagonists. The cytosolic rat
ER binding assay may dso yield fase negative results if metabolic activation is required prior to binding
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tothe ER or if the test chemica is not completely solubilized in the assay buffer. In addition, the
results may be artifactud if ER isdtered by detergent/denaturation effects of the test chemical,
particularly if concentrations greater than 10 micromolar are used. At present, ER binding data are not
entirdly comparable from lab to lab because of methodological differences between labs in the conduct
of thisassay. However therat cytosolic ER binding assay has been used for about 20 years; it isless
complex than whole cdll binding assays, and competent laboratories should be able to obtain smilar
resultswith minimal effort.

Cdll-free and whole-cell binding assays usng human ER (hER) are rapidly being developed and offer
both advantages and disadvantages over the above assay, one advantage being the use of the human
rather than therat ER. However, being relative new, they have not been standardized in their
examination of xenoestrogens. Assays for ER beta binding and/or transcriptiond activation should be
consdered as they become more widdly available, and included in screening if warranted (i.e,, if itis
determined that some xenobiotics bind only to, or more avidly to, ER beta and would be missed in
current assays with ER alpha).

a ER Binding

The cell-free estrogen receptor alpha binding assay, along-standing and rdatively smplein vitro
assay that detects specific mechanisms of endocrine activity, isrecommended. Thisisimportant
because severd xencbiotics display affinity for the estrogen and/or androgen receptors. Binding assays
identify, but do not discriminate between, agonists and antagonists. The apica nature of these assaysis
an advantage rather than alimitation because elther activity can produce adverse reproductive effects.
These assaystypicaly lack metabalic activity, which is an advantage if one wishesto identify the
gpecific compound with endocrine activity. However, the lack of metabolic activationisadso a
limitation because some xenobiotics require metabolic activation.

b. ER Transcriptional Activation

Binding of estrogen to ER aphain target cellsresultsin the initiation of specific transcription
activation events. Various estrogen-regulated genes have been identified in MCF-7 cdlls (pS2, Cath D,
PgR, TPA), and their corresponding gene products can be measured as an endpoint for estrogen action
(VanderKuur et ., 1993g; Pilat et d., 1993; Davis et d., 1995). However, such endogenous genes
are additiondly regulated by other cellular mechanisms (Nunez et d., 1989; Cavallles et ., 1989,
ZacharewsKi et d., 1994), and the quantification of gene products (MRNA) may be relatively laborious
and difficult. Therefore, the introduction of artificiad, ER-regulated reporter gene constructs into MCF-
7 cells has become aroutine method of measuring ER transcriptiona activation (VanderKuur et d.,
1993b; Meyer et d., 1994). These reporter assays utilize the human ER of MCF-7 cdllsfor
transcriptiona regulation of areporter gene that codes for an exogenous enzyme that can be easily
measured ina cell lysate. Of the typica reporter gene products of chloramphenicol acetyl transferase
(CAT) and luciferase (Luc), the more sengitive assays utilize luciferase. Reporter genes can be
introduced into cells for the duration of the experiment only (transent transfection) or permanently,
creating a geneticaly dtered subline (stable transfection).
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Transcriptiona activation assays are a direct manifestation of receptor-mediated responses on gene
expression (i.e., the presence of afunctiona estrogen receptor and areporter gene are sufficient to
express estrogen-mediated induction). The MVLN assay (stably transfected MCF-7 cdll line with an
atificia geneincluding ER alpha, a controller ssgment of vitellogenin, and promotor regulating
expression of luciferase), which detects transcriptiona activation after receptor binding using a
luciferase reporter gene, isrecommended. This rapid and sengitive assay (1C50=20 pM range)
confirms ER binding and appropriate controls can distinguish agonists from antagonists. These assays
should be conducted in a manner that allows them to detect receptor antagonists as well as agonists.
Although these assays often provide information Smilar to the above binding assays, thisis not dways
the case, and there are well-founded biological reasonsfor achemicd to be positive in ether the
binding or the transcriptiona activation assay but not both. However, due to a higher degree of
difficulty, concern exists that proper execution of whole-cell assays requires aleve of kill and training
that may not currently exist in the toxicology community. 1f so, these assays might be much more
difficult to implement than the binding assays, some of which have been used for decades and are less
complex.

In spite of the difficulty of establishing stably transfected cell lines, various MCF-7 cdll derivatives have
been created. Asmentioned above, the MVLN cdl lineisan MCF-7 cell derivative containing an
artificia gene consisting of the ER-controlled segment of the vitellogenin promoter, regulating the
expression of luciferase (Pons et d., 1990; Gagne et d., 1994). These cdlls aso contain aneomycin
resistance gene that was used in the stable transfectant selection process. Therefore, snceal MVLN
cells contain the reporter gene, estrogen-regulated transcription can be measured with ahigh
sengtivity. However, the metabalic capability of the MV LN assay has not been studied in detail; it is
assumed to be smilar to that of MCF-7 cdlls from which they are derived. In principle, there are
severd advantages of this assay over other in vitro assays that assess estrogen action. The MVLN cell
assay iseasy to use because it is permanently transfected and it is a short-term assay. In addition, the
MVLN cel assay has been standardized to the degree that is has been employed in high throughput
transcription assays involving robotic manipulation of large numbers of sample wells containing
relatively few cdls (eg., 96-well plates). A procedure that has been used to characterize estrogen
agonists as well as antagonists can be characterized with the MVLN assay (Gagne et d., 1994). In
addition, a systematic comparison of more than 25 chemicas, including phthaates, dkylphenols,
chlorinated pesticides, and steroidsin the MVLN and the MCF-7 proliferation assay found that these
assays were of equivaent sensitivity and responsiveness. Assays likethe MVLN are deemed desirable
because they are stably transfected and hence relaively easy to use and standardize, have high
throughput potential, and are typicaly run to detect both agonists and antagonists.

The MVLN assay has been reported to have a disadvantage though, namely, that when the cdllsare
briefly exposed to hydroxytamoxifen, their reporter gene cannot respond to estrogens. The mechanism
underlying this effect is presently unknown. In principle, avoiding exposure to hydroxytamoxifen
should prevent this from happening; however, thisraises the issue of ingtability due to inadvertent
exposure to chemicals during maintenance or propagation of the cdlls (this requires a serum-
supplemented medium). The MVLN cells, like al other cdl culture models, requires monitoring in
order to ascertain that the initid response is preserved through extensive propagation (Badia et 4.,
1994). In addition to the MV LN, other stably transfected cell lines have been or are being used to
detect for ER and AR action.
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2. Androgen Receptor Assays

a AR Binding

The cdll-free AR binding assay, used to determine the ability of environmental chemicals to compete
with endogenous ligand for binding to AR, isrecommended. Thisis an easy, time-honored task, with
decades of use, and relaively smple to standardize and execute. Equilibrium binding assays require
overnight incubation at 4°C with AR isolated from castrated rat reproductive tissues (e.g., epididymis,
ventral prostate, semina vesicle) with increasing concentrations of radio-labeled ligand at different
fixed concentrations of inhibitor or afixed concentration of labeled androgen with increasing
concentrations of unlabeled competitors. Following the incubation, hydroxyapatite or dextran-coated
charcod is used to separate protein-bound ligand from free ligand and specific binding is plotted in
double reciproca plots (i.e., Lineweaver-Burke) and as Scatchard plots as a function of competing
inhibitor concentrations. Data andysis yidds apparent equilibrium binding affinity constants for the
inhibitor (Ki), which reflects the effinity of the chemical for the AR. Ki vaues can be used to rank
chemicasfor their ability to bind AR and therefore for their potentia to be endocrine active. 1Cs
values can be used to caculate Ki vaues and the rdative binding affinity (RBA) of the toxicant for AR,
as compared to DHT or T, but this method is less accurate than experimenta determination of the Ki.
Within the last few years, a surprisng number of chemicalsin the environment of anthropogenic origin
have been shown to act as AR ligands, including pesticides (e.g., vinclozolin, procymidone), pesticide
metabolites (p,p' DDE and other DDT metabolites, methoxychlor metabolites), hydroxylated PCBs,
and steroida and non-steroida natural and synthetic estrogens (Waller et d., 1996).

Advantages of the cedll-free binding assay include ease of use, low cog, the potentid to standardize
receptor preparations for distribution to many labs, and metabolism (but not spontaneous degradation)
of chemicasintheassay isminimized. The absence of metabolism is an important consderation as
parent chemicas and/or metabolites can be individualy examined to determine which structureis
respongble for AR binding, information that is critica if the dataare to be used in a QSAR modd.
Disadvantages include the need for radio-labeled ligands and that data are restricted only to ligand
binding affinity with no information on agonist or antagonist activity, AR stabilization, or degradation
or rates of association and dissociation from the AR.

b. AR Transcriptional Activation

For AR-mediated activity, stably transfected cell lines are under development, but not yet widdly
avalable The AR transcriptional activation (Cis-Trans) assay, using monkey kidney CV-1 cdls, is
recommended. A MCF-7 cdl stably transfected with wild type androgen receptor has recently become
avallable; however, only afew androgen agonists and antagonists have been tested using this cdll
proliferation assay (Szeld et d., 1997). Hence, like the CV-1, cdl linestransently cotransfected with
hAR and a promoter construct with a Luc reporter are recommended at thistime. It is noteworthy that
as compared to MCF-7 cdlls, the CV-1 has some metabolic capability. Here again, the YASis not
acceptable asit is unable to detect the AR-mediated activity of chlorinated pesticides.

Cellstransently transfected with hAR and reporter construct to detect transcriptiona activation after
receptor binding distinguish agonist/antagonist. Such assays have been used extensively and can be
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employed inaHTS mode for rgpid screening. Transcriptiona activation assays are used to determine
whether chemicals which bind AR act as AR agonists or antagonists (Zhou et d., 1994; Simentd et
d., 1991). CV-1 cdlsaretransently transfected with the hAR expression vector together with a
reporter construct (e.g., chloramphenicol acetyl transferase (CAT), beta-gaactosidase, or firefly
luciferase) containing an AR-dependent promoter such as the mouse mammary tumor virus promoter.
Transfected cells are cultured in the presence (for antagonist activity) or absence (for agonist activity)
of asingle concentration of androgen (0.1 nM DHT) together with increasing concentrations of
inhibitor. Following a48 hour culture period, cdls are harvested and luciferase activity is measured in
the resultant solubilized cdll extract as an estimate of AR-induced transcriptiond activity.

Advantages of these types of assays are that they use human AR, they display some metabolic activity,
and they establish whether achemical that binds hAR acts as an agonist or antagonist. This
information is critical in understanding the mechanism responsible for the induction of adverse
endocrine-mediated effects. Disadvantages of these assays are that they require the AR expression
vector, reporter vectors, and transient cotransfections, which can be difficult. The assay requires close
adherence to the standard operating procedure for reproducibility, and a48 hour incubation during
which time metabolism of the treatment chemicals may confound the data. In thisregard, mediafrom
this assay, and other in vitro assays, should be andyzed before and after the incubation period to
account for potentia degradation and metabolism of the exogenous test chemicals and hormones.

3. Steroidogenesis

Antiandrogens and antiestrogens act viaa number of direct mechanismsin addition to those that
directly involve the steroid hormone receptors. One prominent mechanism of antihormonal activity is
inhibition of hormone synthesis by inhibiting the activity of P450 enzymesin the steroid (and fungdl)
pathway. Such activity can be detected in vitro with afairly smplein vitro procedure with minced
testicular tissue obtained from adult mae rats, because for many of the pesticides known to dter this
pathway the parent materia isactive. Although aromatase, another P450 enzymeis present only at
very low levelsin the testis and male reproductive tract, it was proposed that inhibition of aromatase
need not be included in vitro because it will be assessed in the in vivo pubertal femae assay that
follows. However, aromatase activity cannot be assessed in the recommended testis culture assay or in
any of thein vivo assaysusng mderats.

Thetestisculturein vitro assay using minced (50 mg) pieces of singletestis, which can be used to
evauate hormone synthesis with and without stimulation with cAMP, hCG, or subgtrates, is
recommended. This assay assesses non-receptor mediated effects on P450 steroidogenic enzymes.
Incomplete metabolism in vitro is of concern, except for those classes of chemicals where the parent
materid isactive (e.g., certain classes of fungicides, drugs, and agricultural products). Thisassay has
been used with fetd, neonatal, and adult testis, and is not limited to mammalian species, having been
used to assess seroidogenesisin fish, reptile, avian, and amphibian systems as well.

It is also possible to use cultures of Leydig cellsisolated from testicular tissue to perform
steroidogenesis assays. Leydig cells are the cells, within the testis, responsible for steroid
synthesis. The advantage of using these isolates is that they are enriched for the cells that
synthesize testosterone. The disadvantage is that there are extra steps in the preparation of the
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